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Abstract
Density functional theory (DFT) and first principle molecular dynamics (FPMD) studies of pyrophosphate 
cluster Na4P2O7 and triphosphate cluster Na5P3O10 absorbed and decomposed on Fe2O3 (0001) surface 
have been conducted. Comparative analyses of structure properties and adsorption processes during 
the simulation at elevated temperature have been carried out. The results depict the key interactions 
including the covalent P-O bonds, pure ionic Na-O or Fe-O interactions. Iron oxide surface plays an 
important role in the bridging bond decomposition scheme which can both promote and suppress the 
phosphate depolymerization. It is found that chain length of polyphosphates do not have considerable 
effects on the decomposition of phosphate clusters. This study provides detailed insights into the 
interaction of phosphate cluster on iron oxide surface at high temperature, and in particular the 
depolymerization/polymerization of inorganic phosphate glass lubricant, which is an important behavior 
under hot metal forming conditions.
Introduction
An effective lubricant is essential in a hot metal manufacturing process due to vast of adverse effects at 
elevated temperatures such as high friction, considerable wear and severe oxidation. Phosphate glass 
lubricants have received more attention recently due to the excellent tribological behavior of zinc 
diakyldithiophosphate (ZDDP) at the temperature below 250°C and also its environmentally friendly and 
thermal stability nature. In the harsh working condition of hot rolling of steel, alkaline polyphosphates 
can provide the good antiwear property, friction reduction and oxidation inhibition.1-3  In previous 
studies on tribological tests,4, 5 a polyphosphate film has been observed to have layered structure and 
gradient composition which makes it a very effective lubricant.6, 7 However, the working mechanism of 
inorganic phosphate glasses as a promising lubricant at elevated temperature needs more in depth 
understanding. Besides the potential lubricant functionality, the glassy compounds contained 
polyphosphate are also well-known for their bioactivity,8 optical technology application,9 and radioactive 
waste immobilization.10
For the well-known ZDDP, Ito et al.11 proposed the mechanism of physical adsorption on iron oxide 
surface and the dissociation of lubricant molecules at ambient temperature. The phosphate adsorption 
on the oxide surface at ambient temperature has been investigated in soil mechanics from both 
experiments12-16 and simulations.17-21 The phosphate anion HnPO43-n has been usually used as an adsorbate 
on metal hydr(oxide) surface. However, the complex formation and lubricant-oxide interaction in these 
studies are still controversial. Either monodentate or bidentate have been generated during the 
adsorption under different pH conditions.21, 22 The iron-phosphate interaction has been considered as 
both ionic bonding23 and covalent nature.24 Recently, we have examined the adsorption of sodium ortho- 
and pyrophosphate clusters on iron and iron oxide surface.25 The initial phase of tribochemical reaction 
of phosphate glass lubricant has been investigated with in-depth analysis in electronic structures.
Besides, the depolymerization of polyphosphate lubricant during the tribological process has been 
widely reported and it plays a crucial role in the molten phosphate lubricity. At ambient temperature, 
Martin et al.7 showed that the long-chain zinc polyphosphate glass enhanced the antiwear property by 
digesting abrasive iron oxide and formed the short-chain iron/zinc phosphate glasses. Nicholls et al.26 
proposed the antiwear pad structure in the ZDDP tribofilm which composed of long-chain 
polyphosphate and was stiffer to withstand intense loads than nearby short-chain areas. Crobu et al.27 
mentioned that the initial short-chain phosphates exposed the lower wear and friction compared to 
long-chain polyphosphate case. For tribological behavior of phosphate at elevated temperature, Tieu et 
al.2, 4 employed alkaline phosphate glasses and noted the reduction of phosphate chain length with 
increasing temperature. Short-chain length orthophosphate structures were observed in the whole 
tribofilm. The digestion of iron oxide into polyphosphate film which shortens the polyphosphate chain 
was observed. Cui et al.28 conducted works on different chain length phosphates such as ortho- (Na3PO4), 
pyro- (Na4P2O7) and long chain meta-phosphate (NaPO3)n. The short chain tribofilm obtained from the 
depolymerization of metaphosphate produced a better tribological performance compared to the anti-
oxidation orthophosphate case. Even though the experimental studies have shown the effect of 
depolymerization of polyphosphate lubricant on tribological properties, there is still limited 
understanding on the detailed mechanism and the influence of the oxide surface on this process.
In recent years, the theoretical methods have a remarkable growth and considerable impact on the 
academic and application field. These computational approaches have been used for exploiting the 
potential materials as well as studying the unexplored properties, especially in nanotribology.29 Among 
all, quantum mechanics (QM) is a suitable tool to describe bond breaking and formation in a chemical 
reaction at atomic scale and the tribochemical reaction of phosphate gets no exception. Mosey et al.30 
conducted density functional theory (DFT) calculation for the unimolecular decomposition of ZDDP. 
Righi et al.31 proposed the mechanism of the dissociative adsorption of phosphite additive on Fe(110) 
surface. Ta et al.25 discussed the sodium phosphate clusters adsorbed on iron-based substrates. 
Recently, the development of advanced computational resources allows more realistic tribological 
conditions to be considered by the first principle molecular dynamics (FPMD).32-34 Compared to the 
productive applications, limited number of theoretical studies using phosphate is available due to its 
complex structure and various behavior involvements inside the glassy system. 
In this study, both DFT and FPMD calculations have been carried out to understand the 
depolymerization of sodium polyphosphates on iron oxide surface at high temperatures which is an 
important phenomena observed in experimental work.28 The bridging bond dissociations of Na4P2O7 and 
Na5P3O10 cluster with and without iron oxide surface have been conducted. The detailed results about 
the bond nature of the system, effect of surface, chain length and temperature on depolymerization 
reaction will be presented.
Computational methods
Static DFT calculation
DFT calculations have been conducted in order to investigate the structure optimization of phosphate 
clusters and their decomposed products on iron oxide surface. All spin-polarized calculations have been 
performed with Vienna Ab-initio Simulation Package (VASP).35 The Projector Augmented Wave (PAW) 
method36 has been chosen with the Generalized Gradient Approximation (GGA) of 
Perdew−Burke−Ernzerhof (PBE) exchange and correlation functional37 as it has been acknowledged as a 
reasonable compromise among other functionals when representing dynamic decomposition on a 
metallic surface.38 The energy cutoff of 400 eV has been applied for all calculations to truncate the 
expansion of plane wave basis set. Fe2O3 (0001) facet has been chosen as the adsorption surface with 
the dimension of a = b = 10.07 Å, c = 23.98 Å for Na4P2O7 adsorption and a = 15.11 Å, b = 10.07 Å, c = 
23.98 Å for Na5P3O10 adsorption in order to minimize lubricant periodic image interaction. A vacuum 
region of 20 Å is included in the system to avoid the effect of nearby Fe2O3 layers in the z-direction. For 
static calculations, a Γ-point only sampling has been used for super-cell geometry optimization and a 
denser Monkhorst-Pack mesh39 of 9 x 9 x 1 has been employed for total energy calculations of slab 
models. The geometry optimizations are conducted using the conjugate gradient algorithm along with a 
first order Methfessel-Paxton scheme40 until the energy convergence criterion of 10-4 eV has been 
reached. For more accurate energetic properties, the single point calculation use tetrahedron smearing 
technique with Blöchl corrections and the energy converged within 10-4 eV. 
The adsorption energy  is defined as:
where, , , and  are the total energy of the adsorbed molecules on substrate, bare Fe2O3 substrate and 
isolated gas-phase lubricant, respectively. Hence, the negative value of  indicates a thermodynamically 
favorable adsorption. Besides, the dissociation of separated molecule in the gas phase has also been 
considered in order to investigate the effect of the iron oxide surface on phosphate decomposition 
process. This process focuses mainly on depolymerization of linear polyphosphate chain.
The dissociation pathway of P-O bond on Fe2O3 surface was investigated with constrained minimization 
approach.41-43 P-O distance has been fixed and all remaining degrees of freedom have been optimized to 
minimize the Hellmann-Feynman forces.44 The P-O distance is then varied to monitor the energy profile 
of the reaction with these conditions: (a) all forces on atoms vanish and (b) the energy is a maximum 
along the reaction coordinate (P-O distance) but it is a minimum for all other degrees of freedom. The 
geometry relaxation of the constrained systems has been performed with external optimizer GADGET,45 
which uses the VASP output, computes the optimal steps of internal coordinates and starts the new 
VASP run. The relaxation stopped when the variation of the energy is less than 10-4 eV and the force 
less than 10-2 eV/A.
To investigate the bonding characteristic, both Electron Localization Function (ELF) and Bond Overlap 
Population (BOP) have been employed in the high-accuracy single point calculations. The ELF (η) 
evaluates the probability of finding the same spin electron in the surrounded area of reference 
electron.46, 47 The maxima η = 1 has been found in C-C covalent single bond of diamond crystal while η = 
0.5 shows the homogeneous electron gas in some metal structure.48 The BOP has been computed by the 
integration of crystal orbital overlap population (COOP) using the Local-Orbital Basis Suite Towards 
Electronic-Structure Reconstruction (LOBSTER) package.49 The BOP, which represents the shared 
electron density between two atoms, can measure the covalency of the system. It provides the 
information about bonding, antibonding and non-bonding nature of a covalent interaction when the 
BOP is over zero, below zero or close to zero, respectively.50
FPMD simulation procedure
FPMD simulations have been implemented for dynamics depolymerization process of sodium 
polyphosphates on iron oxide surface at elevated temperature. Due to the high computational expense, 
only the Γ-point sampling is applied in these simulations. Based on the compromise between 
computational efficiency and integration error, 0.5 fs time step has been chosen. With this time step, 
the total energy deviation of less than 0.02 eV has been observed during a 500-step MD run which has 
assured the stability of the system.38 Three bottom layers of iron oxide have been fixed while the top 
three and lubricant coordinates have been optimized. Three preliminary FPMD simulations at 300 K 
include one Na4P2O7 cluster on Fe2O3 surface; one Na5P3O10 cluster on Fe2O3 surface; one Na3PO4 unit and 
one NaPO3 unit on Fe2O3 surface. The main simulations use the same structures and have been heated to 
1100 K. These simulations run for 20 ps which suggested stable ground-state or intermediate 
configurations for static calculation. The snapshots will be captured in the Supporting Materials (SM). 
Then, seven structures of each system have been chosen and subjected to energy minimizations. The 
lowest energy conformer of each case has been reported here as ground-state structures. Next, each 
decomposed unit, Na3PO4 and NaPO3 have been optimized separately on the Fe2O3 surface in order to 
capture stable adsorption configurations. The active adsorption sites of the surface are Fe atoms which 
strongly link to oxygen atoms of the lubricant compound. On top of the Fe-terminated oxide surface, 
iron atoms form equilateral triangles with 5.04 Å side. The stable adsorption sites of decomposed 
products are usually inside these triangles. Finally, both decomposed units have been relaxed on top of 
the surface with different relative positions of triangles (shown in Fig. S2 in SM). In order to distinguish 
the different types of non-bridging oxygen (Onb), we denoted the ionic-bonding Na-O as terminal oxygen 
(Ot), and the Fe-O-P as linkage oxygen (Ol). Thus, the oxygen types in the system include (1) bridging 
oxygen (Ob) in P-O-P, (2) terminal oxygen (Ot) in P-O-Na, (3) linking oxygen (Ol) in P-O-Fe linkage between 
lubricant and surface, and (4) surface oxygen (Os) on Fe2O3 surface.
Results
Structure of Na4P2O7 and Na5P3O10 clusters
For lubricant compounds, tetrasodium pyrophosphate Na4P2O7 has been chosen as a model for 
polyphosphate (NaPO3)n according to Ref.51 Pyrophosphate is also one of the most stable structures of 
condensed phosphates which has been reported by Van Wazer.52 Another linear phosphate compound 
sodium triphosphate Na5P3O10 has been included to investigate the chain length effect. Triphosphate is a 
main product of thermal decomposition phosphate glass up to 828 K.53 These substances contain the 
oxygen sites of the same properties as in polyphosphate which are bridging oxygen (Ob) and non-
bridging oxygen (Onb). Onb will be categorized into Ot and Ol as the oxide surface included in the system. 
In order to validate the geometry optimization of the sodium phosphates by DFT, we analyzed the 
structure of both Na4P2O7 and Na5P3O10 clusters. Calculated bonding and angular properties were 
compared with the experimental data of Na4P2O7 and Na5P3O10 (Table 1). The geometric properties of 
Na4P2O7 and Na5P3O10 cluster agree very well with crystalline structures reported by Larsen et al.54, 
MacArthur and Beevers55 and Cruickshank.56 The distance difference of ~ 0.1 Å between P-Ob and P-Onb 
has been observed in previous experimental work57 which is consistent with our results (Table 1).
Table 1 The geometrical parameters of Na4P2O7 and Na5P3O10 clusters
Na4P2O7 Na5P3O10
Current DFT Expt.a Current DFT Expt.b





P-Onb (Å) 1.54 1.45 - 1.52 1.53 1.49 – 1.51
Na-Onb (Å) 2.15 2.47 - 2.63 2.20 2.25 – 2.76
P-Ob-P (degree) 139.5 128.7 - 133.5 132.5 122.2
Ob-P-Ob (degree) - - 99.1 98.7
Ob-P-Onb (degree) 106.3 99.0 – 109.6 105.7 100.1 – 110.1
Onb-P-Onb 
(degree)
112.4 113.0 – 116.0 115.4 113.4 – 116.4
a Data obtained by Larsen et al.54 and MacArthur and Beevers55
b Data obtained by Cruickshank56 
Moreover, we calculated the bond overlap population (BOP) and electron functional localization (ELF) to 
provide detailed information of chemical bonding in our system. The optimized structures of Na4P2O7 
and Na5P3O10 clusters with BOP and ELF data have been presented in Fig. 1 and Fig. 2. Besides the 
consistent geometric properties of phosphate cluster, the BOP ratio P-O bridging bond/non-bridging 
bond of 0.16-0.22 |e| / 0.33-0.35 |e| agrees well with the COOP curve of P2O74- by Le Beuze et al.58 The 
P-O non-bridging bonds are twice stronger than bridging ones. In Fig. 1 and Fig. 2, the maximal ELF value 
is 0.75 which represents a moderate degree of electron pairing and covalent bonding. Most of electron 
pairs are localized around oxygen atoms as electron receivers with different shapes and concentration. 
For bridging oxygen atom, three explicit regions have been observed in Fig. 1b and Fig. 2b. Two lumps 
appear in the middle of phosphorus and oxygen which indicates the modest covalent interaction of P-Ob. 
Another region on the bridging oxygens depicts the lone pair area which avoids the phosphorus-oxygen 
bond direction. In terms of non-bridging oxygen atoms, a P-O electron-pair lump for each Onb is also 
spotted in the middle of the bond in Fig. 1d and Fig. 2d. Thus, the P-O interaction in general is the 
strongest covalent bond among all. The mushroom-like localized shape of lone pair electron gets no 
deformation toward sodium and is located in the opposite of covalent P-O area as seen in Fig. 1b and 
Fig. 2b. Besides, the BOP for Na-O bond is 0.01 to 0.02 |e|, which indicates no overlap area between 
sodium and oxygen. Thus, the interaction between sodium and non-bridging oxygen is purely ionic 
interaction. For Na5P3O10 cluster, the non-bridging P-Onb bonds have the average BOP of 0.35 |e| which is 
nearly identical to this bond type in Na4P2O7 (BOP = 0.33 |e|). We show two bridging P-Ob bonds as inner 
and outer of the Na5P3O10 cluster in the Fig. 2. The BOPs for these bonds are 0.22 |e| and 0.16 |e|, 
respectively. The bond distances are also matching with the BOPs: 1.63 Å for inner bond, and 1.72 Å for 
outer bond. With the difference of the BOP values and the distances of P-Ob inner and P-Ob outer bonds 
in Na5P3O10 cluster, the ELF also shows that the electron localized area between P1-Ob (inner) and P2-Ob 
(outer) has a slightly distinct shape. P1-Ob has a larger and more intense area of electron pair possibility 
which indicates that the covalent bond of inner P-Ob bond is stronger than the outer bridging bond. In 
conclusion, the bridging P-O bond is the most fragile site in the phosphate chain and has the topmost 
possibility to be detached in the working environment of hot metal forming process.
Dissociation of Na4P2O7 and Na5P3O10 clusters
Isolated phosphate clusters
In Fig. 3a of small Na4P2O7 cluster, the number of oxygen atoms around sodium cation is two so the 
position between two PO4 tetrahedra includes two sodium atoms. For alkali polyphosphates, there are 
some discrepancies in the reported oxygen coordination around Na atom in the literature, i.e. 5 by 
Hoppe et al.59, 60, 2 by Uchino and Ogata61 and 2.4 by Musinu et al.62 This variation comes from different 
experimental and theoretical structures of alkali phosphate glass. Thus, the two-oxygen coordination 
around sodium ions in our study is feasible.
In Fig. 3, the Na-O bonds have been visualized with the cutoff distance of 2.4 Å during P-O bridging bond 
dissociation. Non-directional ionic Na-O interaction allows sodium atoms to move freely toward PO3 unit 
or PO4. Three different structures generated by three schemes with different sodium complexation have 
been optimized without constrains (shown in Fig. 3d, 3e and 3f). Along these schemes, P-Ob distance has 
been elongated from 1.66 Å to ~7.0 Å. Seven converged configurations have been depicted in Fig. 3. At 
the initial phase of the dissociation, PO3 and PO4 units have two shared sodium ions at the distance of 
~2.72 Å (Fig. 3b) or have one shared sodium ion at the distance of ~4.25 Å (Fig. 3c). These structures 
indicate that sodium ions can be distributed between two different phosphate chains. This means that 
sodium ions also have a weak network forming role besides the dominant modifier function as proposed 
by Uchino and Ogata.63 The relative stabilities of three decomposed configurations are shown in Fig. 3d, 
3e, and 3f. In these configurations, two phosphate units are separated by a distance about 7 Å. The 
optimized results show that the structure in Fig. 3f reaches the lowest total energy among the three 
configurations; therefore it has been used for the optimization of decomposed products on the Fe2O3 
surface in the following steps. Remarkably, the relative energies yield positive values which mean the 
decomposition of P-Ob bridging bond in the isolated Na4P2O7 cluster is not thermodynamically preferable. 
The energy of +2.74 eV is taken into account for the dissociation energy of P-O bridging bond in the 
isolated cluster as it follows the minimum energy path of the decomposition.
The ground-state structure and energy differences of Na4P2O7, Na5P3O10 and their decomposition 
products from isolated cluster and on iron oxide surface have been presented in the upper part of Fig. 
4a and Fig. 4b. Besides, geometric parameters and bond overlap population (BOP) between them have 
been listed in Table 2.
Table 2 Geometric parameters and BOP of phosphate clusters and their decomposition products. Values 















P-Ob (Å) (inner) 1.63 (0.22)
1.60 (0.27)
1.61 (0.23)
P-Onb (Å) 1.54 (0.33) 1.53 (0.33) 1.53 (0.35) 1.52 (0.35)
Relative energy 
(eV)
0.00 +2.74 0.00 +2.66
Firstly, different complexation forms of sodium ions have been considered for the ground state of 
Na4P2O7 decomposition. As a result, the structure including one Na3PO4 cluster and one NaPO3 unit has 
reached the lowest total energy as shown at Fig. 3f. Correspondingly, the products of Na5P3O10 
decomposition are optimized as NaPO3 unit and Na4P2O7 cluster. In Table 2, P-Ob bridging bond becomes 
P-Onb non-bridging bond after decomposition. For Na4P2O7 cluster, the P-Ob distance varies from 1.66 Å to 
1.60 Å and the BOP increases from 0.19 |e| to 0.26 |e|. Another P-Ob distance is elongated up to 7.02 Å 
and the BOP becomes 0.00 |e|, indicating that this P-Ob bond is completely broken. One covalent 
sharing area of Ob atom in Fig. 1b merges with the lone pair area of that bridging atom and is located 
opposite to the remaining covalent localized area during the decomposition. At the end, the PO4 unit 
contains four non-bridging oxygens with four P-O covalent lumps and four mushroom-like shapes of 
oxygen lone pair which interact ionically with sodium. 
In terms of longer chain length cluster, one outer P-Ob bond has increased to 7.41 Å and BOP reduces to 
0.00 |e| in the decomposition process of Na5P3O10 cluster (Fig. 4b). The inner bridging bond connects to 
the broken outer bridging has shortened from 1.63 Å to 1.60 Å and the BOP has risen from 0.22 |e| to 
0.27 |e|, which is close to that of a typical non-bridging bond. Another inner bond slightly reorganizes 
the bond distance and BOP due to the alteration of outer bridging bond nearby. This outer bond is 
extended to 1.85 Å and reduces the BOP to 0.10 |e|. The decomposed-like variation is caused by an 
imbalanced distribution of sodium atoms around P2O7 unit as seen in the top structure of Fig. 4b. In 
particular, the bridging oxygen of P2O7 unit is surrounded by three sodium ions with the distances of 3.26 
Å, 2.50 Å and 2.42 Å and the corresponding BOP values of -0.01 |e|, 0.02 |e|, and 0.01 |e|, respectively. 
In comparison with Na4P2O7 cluster in the left structure in Fig. 4a which has the typical bridging P-O bond 
of 1.66 Å (BOP 0.19 |e|), two Na-Ob interactions produced an identical distance (BOP) of 2.98 Å (-0.01 
|e|). The negative value of BOP represents the antibonding interaction. Thus, the bridging oxygen of 
P2O7 unit from Na5P3O10 cluster decomposition has been attacked by nearby sodium atoms and causes 
the elongation of outer bridging P-O bond. This phenomenon confirms the network modifier function 
and induced-depolymerizing effect of alkali metal on phosphate glass.64 
Both Na4P2O7 and Na5P3O10 dissociation are not thermodynamically favourable in the gas due to the 
positive energy difference up to 2.74 eV for Na4P2O7 and 2.66 eV for Na5P3O10. There is a difference 
between two P-O breakage energies but it is not considerable. The difference is mainly based on the 
sodium distribution around breakage bond. Moreover, the P-Ob split energy of P2O7 unit in Fig. 4b is 2.87 
eV while this energy of outermost P-Ob on Na6P4O13 is 2.78 eV. Hence, the P-Ob bond dissociation energy 
of sodium phosphate is about 2.6 – 2.9 eV and is affected to a minor degree by the chain length.
The energy profiles of P-O bridging bond dissociation for the isolated Na4P2O7 and Na5P3O10 clusters have 
been showed in Fig. 5. The result of H4P2O7 cluster has also included in the figure in order to investigate 
the effect of cations on bridging bond dissociation. The energy at the equilibrium P-O distance of the 
three clusters has been chosen as the reference energy. For Na5P3O10 cluster, the P-O outer bond is 
selected. In the figure, 3.5 Å is the cut off of the bond dissociation process, and the stable dissociation 
energy appeared after this distance. Compared among three clusters, the dissociation energies of 
Na4P2O7 and Na5P3O10 are steady around 2.7 eV while much higher dissociation energy of 4.0 eV from 
H4P2O7 result has been observed. Four hydrogen atoms of H4P2O7 can play a role as dangling bonds in the 
network,61, 63 thus the dissociation energy of H4P2O7 can represent the dissociation of 3-D network of 
polyphosphate without cation, i.e. P2O5 glass structure. Hence the modifier cation like sodium helps 
reduce the P-O bridging dissociation energy.
Sodium phosphates dissociation on Fe2O3 surface
For the oxide substrate, we conduct the study on the iron termination of Fe2O3 (0001) surface which has 
been reported as the most stable facet in many experimental and theoretical studies.65, 66 Six atomic 
layers of Fe2O3 (0001) surface have been used and the number of atoms in the surface is up to 60 atoms. 
Three bottom atomic layers of the surface have been fixed in order to represent the bulk behavior of 
iron oxide while all above layers have gone through relaxation. For the iron oxide surface, the obtained 
charge of Fe2O3 (0001) is in agreement with the model by Ta et al.67 The results have been provided in 
SM.
The most stable configurations of Na4P2O7 cluster adsorption and Na5P3O10 cluster adsorption have been 
described in the bottom structures of Fig. 4a and 4b, respectively. Na4P2O7 adsorption structure has been 
obtained from the study by Ta et al.25 A variety of oxygen types have been noted in Fig. 5a. The geometry 
parameters and bond overlap population (BOP) in those configurations have been listed in Table 3.
Table 3 Geometric parameters and BOP of phosphate clusters and their decomposition products 
adsorbed on Fe2O3 surface. The BOP values (|e|) from integrated crystal orbital overlap population 















P-Ob (Å) (inner) 1.61 (0.24)
1.58 (0.26)
1.66 (0.21)
P-Ot (Å) 1.52 (0.36) 1.51 (0.39) 1.51 (0.38) 1.51 (0.37)
P-Ol (Å) 1.59 (0.27) 1.58 (0.29) 1.55 (0.31) 1.58 (0.27)
P-Os (Å) 1.70 (0.18) 1.78 (0.15)
Ol-Fe (Å) 1.91 (0.24) 2.09 (0.18) 1.98 (0.22) 1.91 (0.24)
Fe-Os near 
P-O-Fe linkage (Å)
1.89 (0.21) 1.89 (0.21) 1.90 (0.21) 1.91 (0.20)
Fe-Os on surface (Å) b 1.86 (0.23) 1.89 (0.20) 1.88 (0.21) 1.90 (0.20)
Relative energy (eV) 0.00 0.03 0.00 -0.22
a Data obtained by Ta et al.25 
b The Fe atoms on the top layer of the surface only
In terms of the phosphate – iron oxide adsorption, Atkinson et al.12 proposed P-O-Fe monodentate 
structure of iron phosphate complex as one of the most stable linkages observed during the adsorption 
of phosphate on goethite interface which is observed in Fig. 4a and b. The adsorbed structure of 
Na5P3O10 is also in line with Kubicki et al.19 which mentioned P- Ol bond 1.56 Å and P-Fe distance 3.42 Å. 
In addition, these values are also observed in the studies of Belelli et al.17 and Acelas et al.18. When 
Na5P3O10 clusters adsorb on the Fe2O3 surface, some P-Ot bonds change into P-Ol interaction. The bond 
distance and bond overlap population change from 1.53 Å, 0.35 |e| into 1.55 Å, 0.31 |e|. The Fe2O3 
surface will reduce the strength of P-O terminal bond if the terminal oxygen atom contributes to P-O-Fe 
linkage which is consistent with Ta et al.25 for short chain length sodium phosphate cluster Na4P2O7. In 
the case of adsorbed cluster structures, one oxygen atom of each PO4 tetrahedron forms an interaction 
with one iron atom on the substrate. These Ol-Fe bonds are 1.91 – 1.98 Å long and have the BOP of 0.22 
- 0.24 |e|, which are similar to the distance and BOP of Fe-Os on the surface in both clusters. Thus, we 
categorize the bond type into three strength levels and their order based on BOP after adsorption is as 
follow:
P-Ob ≈ Fe-Os ≈ Fe-Os near linkage ≈ Fe-Ol < P-Ol < P-Ot
For iron-oxygen interaction, Fe-Ol bond is as strong as Fe-Os next to linkage and the normal Fe-Os on top 
of the surface which have BOP of 0.21 – 0.24 |e|. With the system contained phosphate clusters and 
iron oxide surface, P-Ob is still one of the most feeble bond and has a strong chance for dissociation. The 
finding is supported by the study of Na4P2O7 adsorption on Fe2O3.25 In additional, the ELF value of cluster 
adsorption has been displayed in Fig. 6 for more information about Fe-O-P linkage interactions.
When the Na5P3O10 adsorption occurs, terminal oxygens link with iron atom on the surface and create 
linkage oxygens as mentioned in Fig. 6a. There are three electron pair regions observed from linkage 
oxygen atoms: one medium covalent bond between P-O, one partial mushroom-like region for ionic 
interaction with sodium, and one small deformed area in the direction towards Fe surface atom which 
can be observed in Fig. 6c. The third has a similar contour to the Fe-O bond on the top of the oxide 
surface in Fig. 6d, hence this Fe-O bond has been considered to be a mixed ionic/covalent bond with the 
same nature as the iron oxide interconnection. The adsorption energy of isolated Na5P3O10 clusters on 
Fe2O3 surface is -5.51 eV for Na5P3O10, which is thermodynamically favorable and is as strong as the 
chemical adsorption. The adsorption of short chain length sodium phosphate cluster on iron oxide 
substrate also has the same trend.25 It is worth noting that most references data on the adsorption 
energies were from the study of phosphate adsorption in the soil industry. Thus, the models from these 
references will be more complicated than this work because of the contribution of proton, the 
dissociation of OH- group or H2O molecules from mineral surface. And the adsorbates are usually HnPO43-n 
with one or two bridges with metal atoms on the surface. However, the adsorption energy per PO4 
tetrahedron about -1.83 eV for Na5P3O10 is still comparable to previous studies of phosphate adsorption 
on goethite α-FeO(OH) or gibbsite Al(OH)3 which have the listed energy from -3.44 to -0.66 eV 17, 68. 
With the forming of strong chemical adsorption linkage, the alkali phosphate network can create a 
durable layer which provides a lower friction, significant wear reduction and significant oxidation 
prevention for steel/steel contact in metal forming process 1, 2. The adsorption energy of the system goes 
down from -4.51 eV of Na4P2O7/Fe2O3 to -5.51 eV of Na5P3O10/Fe2O3 (Fig. 4). Thus, for longer chain length 
of phosphate cluster, the absorbed structure is more stable. However, the absorbed energy per PO4 
tetrahedron or per Fe-O-P bond has a reverse trend. The absolute value rises from -2.25 eV of Na4P2O7 
cluster to -1.83 eV of Na5P3O10 cluster. Additionally, the average Fe-Ol bond distance stretches by 0.07 Å 
and the mean BOP slightly lessens by 0.02 |e|. Although the variation of linkage bond strength is 
minute, the small phosphate chain is preferable if the full coverage monodentate complex of phosphate 
spreads over iron oxide surface.
The ground-state structures of decomposed products adsorption are shown in the bottom right of Fig. 
4a and 4b. Due to previous energy minimizations of NaPO3 and Na3PO4 on the surface, the most stable 
configurations have been chosen. The PO3 unit in both decomposition cases forms one or two P-O-Fe 
linkages and one P-Os bond. This adsorption contains a FeO4 tetrahedron and a PO4 tetrahedron which 
share one edge. The P-Os distances are 1.70 Å for Na4P2O7 and 1.78 Å for Na5P3O10 which are the longest 
P-O interaction and the BOP is 0.18 |e| and 0.15 |e| respectively which are the weakest bond type of 
the system. Meanwhile, the PO4 unit in the Na4P2O7 decomposition creates three linkages with the Fe 
atoms on the surface through three oxygen vertices of tetrahedron. And P2O7 unit in Na5P3O10 breakage 
generates the monodentate complex as a full Na4P2O7 cluster. 
During the P-O-P cleavage, P-Ob bridging bond can become P-Ot terminal or P-Ol linkage bond depended 
on the relative position of Ob on the surface. The ELF of decomposed products of Na4P2O7 cluster on the 
Fe2O3 surface has been depicted in Fig. 7. The ELF of Na5P3O10 degradation is very similar (data not 
shown). As no bridging oxygen exists, all oxygens have mushroom-like shape of terminal atoms for 
isolated molecule decomposition. When these products are absorbed on oxide substrate, the P-Os bond 
formed and PO3 unit becomes a PO4 tetrahedron with the help of one surface oxygen atom. The 
localized electron regions have been found along the P-Os direction in Fig. 6b. These regions have the 
same shapes to other covalent P-O bridging, terminal or linkage bonds but have smaller bond overlap 
population values. This bond is a weak covalent bond and is the weakest P-O interaction in the system. 
This phenomenon is also observed in the Na5P3O10 case and can be explained by an abundance of Os 
coordination up to three before the P-Os bond initiation. The maximum P-O coordination of four has 
been maintained in the phosphate glass network as reported by Hoppe et al.69
The energy profiles of P-O bond dissociation of Na4P2O7 and Na5P3O10 clusters on Fe2O3 surface have been 
displayed in Fig. 8 and Fig. 9, respectively. The origins at 0 eV have been set for the adsorption of two 
clusters on iron oxide surface. The relative energies of structures which have different P-O bridging 
distances are related to the origins. In Fig. 8 and Fig. 9, there are some maxima and minima due to the 
simultaneous contribution of P-O bond stretch and mobile movement of sodium which can stabilize and 
destabilize our system. The energy barriers for the dissociation on the surface are 3.75 eV for Na4P2O7 
and 3.24 eV for Na5P3O10 which are spotted from the highest relative energies. The beginning, the 
highest maximum and the end of Fig. 8 and Fig. 9 have been simplified and displayed in Fig. 4. As can be 
seen in Fig. 4, Fe2O3 surface can reduce the bridging bond dissociation reaction energy from +2.74 eV to 
+0.03 eV for Na4P2O7 and from +2.66 eV to -0.22 eV for Na5P3O10. Even though the energy barriers are 
quite high, around 3.3 – 3.8 eV, the structures at the top of the hill still have negative energy values 
compared to the total energy of isolated clusters, -0.76 eV in Fig. 4a and -2.27 eV in Fig. 4b. Thus, the 
decomposition reaction is more feasible on the iron oxide surface. The lower schemes in Fig. 4a and 4b 
are preferable in both cases. Phosphate chains will adsorb on the surface and then undergo the bridging 
bond dissociation. This mechanism has been proposed before by Zhang et al.70 when studying the 
tribofilm formation of ZDDP. The iron oxide surface plays a crucial role to help the system to achieve the 
lower energy states for cluster and decomposed products. However, when comparing the bridging bond 
dissociation reaction of the isolated clusters and the adsorbed clusters on surface, the barrier energies 
for the latter case are higher (~3.5 eV compared to ~2.7 eV). The barrier energy around 3.5 eV is also 
comparable with the bond dissociation energy of H4P2O7. Hence, the Fe2O3 surface also has both positive 
and negative effects on the P-O bridging dissociation process. For the chain length effect, the higher 
chain length cluster Na5P3O10 formed a more stable absorbed complex with Fe2O3 surface and had a 
lower energy barrier for bond dissociation as shown in Fig. 4. However, this effect will not be much 
significant in the real polyphosphate system because of the extreme mobility of modifier metal like 
sodium.  Besides, with a harsh environment of the metal forming process, all barriers in our system will 
be overtaken. The energy difference between absorbed clusters and their decomposition is rather small 
which infers that there is a co-existence of breaking and non-breaking chains during the process. The 
chain and the decomposed products can be observed simultaneously due to the reciprocity of 
polymerization and depolymerization. In the following section, first principle molecular dynamics 
simulations were undertaken in order to investigate the nature of lubricant 
depolymerization/polymerization at elevated temperatures.
First principle molecular dynamics simulations at high temperatures
This section will discuss the behavior of Na4P2O7 and Na5P3O10 phosphate cluster during interaction of iron 
oxide surface at 1100 K which is the working temperature of the hot rolling process.71 
Na4P2O7 cluster on iron oxide surface
Fig. 10 exhibits the trajectory of sodium pyrophosphate cluster on iron (III) oxide surface at 1100K. 
Sodium atoms have been hidden for clarity. Iron sites on top of the surface have been introduced by 
gold spheres. The bridging oxygen has been noted as Ob, while the non-bridging oxygens which have 
interacted with surface have been marked from O1 to O4. In the starting configuration, P2O7 cluster was 
placed randomly at 3 Å above the iron oxide substrate (Fig. 10a). As the cluster gradually moved closer 
to the surface to explore the favorable adsorption site, it rotated and formed the first linkage between 
Fe1 and O1 at 0.35 ps (Fig. 10b). The dangling part of cluster quickly went down and created the second 
linkage Fe2-O3 at 0.5 ps (Fig. 10c). After that, the cluster anchored stably on the surface through two 
linkages with Fe1 and Fe2. During 20 ps of the simulation time, no bridging bond dissociation or 
depolymerization was observed. The evolution of the two bridging P-O bonds as a function of simulation 
time is shown in Fig. 11. Under the impact of elevated temperature, both bridging bonds fluctuated 
around an average value of 1.69 Å, which was 0.02 Å longer than the equilibrium bridging P-O bond in 
the isolated Na4P2O7 and the adsorbed one on the surface. At ~1.0 ps, P1-Ob distance extended up to 2.6 
Å then quickly got back to the average value. At 1100K, the thermodynamic movement of atoms 
increased and weakened the bridging bond to a slight degree. The thermal effect is expected to be more 
intense at a higher temperature. In fact, an additional simulation of Na4P2O7 cluster on oxide surface at 
1500 K produced the dissociation of P-O bridging bond. The snapshots have been shown in Fig. S6 in SM. 
Although there was no breakage occurred, the linkages Fe-O-P evolved over the simulation time. 
The interatomic distances between different Onb with Fe1 and Fe2 have been presented in Fig. 12. As 
shown in Fig. 10 and 12, the Fe adsorption sites had been competed by various non-bridging oxygens 
from one PO4 tetrahedron. In particular, O1 and O2 interacted with Fe1 (Fig. 12a), O3 and O4 connected to 
Fe2 (Fig. 12b). From 0 ps to 0.5 ps, the adsorption of P2O7 cluster has been observed with a decrease of 
Fe-O distances in both PO3 groups. After that, the linkage distances remain steady at 1.95 Å in Fig. 12a 
and 12b which is the equilibrium distance of Fe-Ol or Fe-Os obtained from static DFT calculation in the 
previous section. Despite the fact that O1 and O2, O3 and O4 replaced each other to form linkage with Fe, 
monodentate configurations between the Na4P2O7 cluster and oxide surface were always maintained. 
This indicates that one Fe-O-P linkage per PO4 unit is the most stable structure for the interaction 
between phosphate and iron oxide substrate, which has an agreement to the previous conclusion in 
previous section and the study of Atkinson et al.12 Fe atoms at the adsorption site usually created a 
deformed FeO4 tetrahedron which connected to a PO4 tetrahedron through the linkage oxygen which 
has been mentioned in the structure of the iron phosphate crystal.72 This was different from the rigid 
FeO6 octahedra in the bulk of Fe(III) oxide crystal. The deformed FeO4 tetrahedra allowed the phosphate 
chain to be mobile but still strongly adhere to the surface. The oxygen atom at the bridging state did not 
form any stable bonds with iron from surface but being attacked by the floating sodium. The sodium 
atoms, which were not represented in the snapshots, were moving and terminated the non-bridging 
oxygen atoms or three oxygens on the oxide surface.73
Na5P3O10 cluster on iron oxide surface
The snapshots of Na5P3O10 cluster on the iron oxide surface during FPMD simulation at 1100 K are shown 
in Fig. 13. Sodium, lower layer of irons and surface oxygens were also removed for better visualization. 
The bridging oxygens were noted as OI and OII, the important non-bridging oxygens were counted from 
O1 to O5, and three phosphorus atoms were P1 to P3. The trajectory of P3O10 cluster is more complicated 
than the P2O7 due to the occurrence of the bridging bond dissociation between P1-OI-P2. Thus, the P3O10 
cluster could be divided into PO31 which contained P1 and three Onb; PO4 which contained P2, two Ob and 
two Onb; and PO32 for the rest (Fig. 13b). At the beginning, the cluster also stayed above the surface 3 Å. 
The first linkage between O1 from PO4 with Fe1 of surface appeared at 0.5 ps (Fig. 13c). The second 
linkage from PO4 continuously generated between O2 and Fe2 at 0.9 ps. Following the connection of the 
middle unit of P3O10 cluster, the P1-OI bridging bond was broken at 1.5 ps and PO31 unit moved far away 
from adsorbed phosphate chain. These steps can be observed in Fig. 14a and Fig. 15a. The snapshot at 3 
ps showed the stable adsorption with two linkages from PO4 unit and also the dissociation of P1-OI bond. 
The distance of P1-OI was about 4 Å at 3 ps (Fig. 13d). The linkage between PO32 and Fe3 was observed at 
3.5 ps until the end of the simulation.
After moving above adsorbed P2O7 unit, P2O7 and PO31 reunited to form the initial P3O10 cluster at 7 ps 
(Fig. 13e). Firstly, P1 approached O1 atom, which was already bonded with Fe1. Then the O5 from PO31 
competed with O1 in order to connect with Fe1 and interrupted the Fe1-O1 linkage. This process finished 
at 7.5 ps. The stable P3O10 cluster reformed and attached itself to the oxide substrate through three 
monodentate linkages. No significant changes were observed after 10 ps. The detailed bond evolution 
during the adsorption and dissociation process has been illustrated in Fig. 14 and Fig. 15. The bridging 
bonds related to P1 were described in Fig. 14a while others bridging P-O were shown in Fig. 14b. P1-OI 
bridging bond started to increase at 1.5 ps and confirmed the bond dissociation. Besides, the P1-O1 
varied from 3 – 6 Å at the beginning because two atoms belonged to two groups, O1 is the member of 
PO4 unit which has center P2. After 7.5 ps, O1 became a bridging oxygen between P1 and P2 with the 
average distance of 1.7 Å. All other bridging bonds such as P2-OI, P2-OII, and P3-OII showed no significant 
variations and maintained at a distance of 1.71 Å. With the bridging bond breaking and forming during 
the simulation run, the adsorbed cluster and decomposed products can coexist in the system as 
mentioned in the static DFT calculation. Therefore, the depolymerization and polymerization of 
phosphate chain can occur simultaneously in the hot rolling process. Moreover, the Fe-O linkages had 
some interesting rearrangements which were shown in Fig. 15. Fig. 15a showed two linkages of PO4 unit 
formed after the adsorption at 0.5 and 0.9 ps with the average distance of 2.05 Å. The first linkage Fe1-O1 
was then broken at 7.5 ps due to the competition of O5 atom in Fig. 15b during the bridging bond 
forming process. Besides, the linkage between PO32 with Fe was stable after 7.5 ps with some exchanged 
interactions between Fe-O3 and Fe-O4 in Fig. 15c. In conclusion, one monodentate linkage per PO4 
tetrahedron is the most observed structure in the FPMD simulations of Na5P3O10 cluster on the Fe2O3 
surface at 1100K.
In general, both sodium phosphates Na4P2O7 and Na5P3O10 tend to adsorbed on the surface regardless 
bond dissociation. In the comparison between different phosphate chains, at 1100 K bond dissociation 
has been recorded in Na5P3O10 by cleaving P-Ob bonds while Na4P2O7 remains as a stable chain. A higher 
temperature is needed to break P-Ob bonds of Na4P2O7. This observation agreed with the study by Cui et 
al.28 that the tribofilm observed after the pin-on-disk test with sodium pyrophosphate lubricant which 
showed a slight degree of polymerization and the depolymerization for longer phosphate chains.
Discussion
Polyphosphate glass has been built up from a network of PO4 tetrahedra linked through P-O-P bridging 
bonds. With the metal addition which is a network modifier such as alkali or alkali earth metal, three-
dimensional structures of polyphosphate can degrade into polymer-like metaphosphate chains, rings, 
short-chain pyrophosphate glass or isolated orthophosphate molecules. These structures are related to 
the ratio of bridging and non-bridging oxygen in the glass.74 In P-O interactions of PO4 tetrahedron, 
phosphorus atom promotes its fifth valence electron into its 3d orbital which creates a π-bond with a 2p 
orbital of oxygen. This π-bond has been shared equally to all P-Onb through resonance effect.75 In 
comparison between bridging and non-bridging P-O bond overlap populations, the interaction of P-Ob is 
weaker than P-Onb which has been studied by Boyd.76 The electrons of non-bridging oxygens are more 
likely to fill the molecular orbital P 3dπ + O 2pπ than do the bridging oxygens. Because of the electron 
sharing with two nearby phosphorus atoms, the bridging bond cannot be strengthened by “back-
bonding” effect from 3d orbital as strong as the non-bridging bond. According to the bond overlap 
population in Table 3, one of the non-bridging P-O bonds is weakened by Fe atoms from surface and 
becomes P-Ol link. The P-Ol bond is weaker than normal P-Ot terminal bond because the oxygen atom in 
the P-Ol-Fe linkage has to share 2p orbital to both P and Fe, which reduces the effect of back-bond d-p 
orbital from terminal oxygens to phosphorus atoms. However, P-Ob is still the weakest bond in both the 
isolated cluster and the adsorbed phase. This conclusion has been supported by our FPMD simulations 
which observed no P-Onb dissociation either at ambient temperature or elevated temperature but the 
bridging bond cleavage of phosphate cluster has been spotted at extremely high temperatures.
For iron-oxygen interactions, Fe-Ol bond is as strong as Fe-Os next to linkage and the normal Fe-Os on the 
top of the surface as indicated by similar bond overlap population and electron localization function. The 
iron-oxygen bond in iron oxide structure is well-known for its strong ionic nature and decent covalent 
property. The 2p orbitals of oxygen can hybridize with 3deg orbitals of iron to form σ-bonds, with 3dt2g 
orbitals of iron to form π-bonds, and can weakly hybridize with 4sp orbitals of iron atom also.77 As Fe(III) 
octahedral structure has been considered in Table 3 with an Fe(III)-O distance of 1.86 – 2.09 Å, the 
covalent nature of this bond is considerable when comparing a pure ionic Fe(II)-O bond distance of 2.16 
Å and a covalent-metallic Fe(II)-O 2.01 Å.78 Hence, the Fe-Ol bond is an ionic/covalent resonance bond 
which has a similar strength as Fe-Os on the surface.79 However, the BOP difference of four weakest 
bonds P-Ob, Fe-Os, Fe-Os near linkage, and Fe-Ol is rather minor, being 0.03 |e|. Comparing P-Ob bonds 
with Fe-O interactions, the bridging oxygen bond has the same covalent strength but less ionic nature 
than Fe-O. Therefore, the P-O bridging bond has the highest tendency to break during the tribological 
shearing test. The Os-Fe bond can also be cleaved and form iron oxide nanoparticles which will be 
digested by phosphate lubricant. The digestion of iron oxide by polyphosphate tribofilm at 800°C has 
been proposed by Cui et al.80 As the structure of iron/iron oxide nanoparticle is different from standard 
crystalline oxide81, the interactions of alkali phosphates and iron-based nanoparticles are worth further 
investigation, particularly the competition between alkali and iron ions inside phosphate tribofilm.
Generally, the alkali metal plays a role as a network modifier which reduces the P-O-P bridging bonds 
and ionically interacts with terminal oxygen atoms. Thus, the metaphosphate long chain structure has 
been commonly mentioned in alkali phosphate glass studies instead of 3D-network of vitreous P2O5.82 
The energy profile in Fig. 5 also supported this point. When adding iron oxide into alkali phosphate glass, 
the P-O-P chain will be substituted by durable Fe-O-P bonds.83 The introduction of transition metal oxide 
intensifies the depolymerization degree of phosphate chain in condensed glass.84 The mixed alkali iron 
phosphate glass gets high durability due to the rigid octahedral sites of Fe(III) which reinforce the cross-
linking between short phosphate chains.85 The Fe-O coordination value in iron phosphate glass is mixed 
from four to six.69, 86, 87 The abovementioned studies indicate the effect of iron/iron oxide to alkali 
phosphate in the bulk phase. In our study, the iron oxide plays quite a different role for the 
depolymerization as an adsorption surface. Firstly, the surface helps phosphate chain achieve low 
energy status through chemical adsorptions. The chemical bonds between non-bridging oxygens and 
iron atoms on top of surface contribute to the favorable adhesion of phosphate glass lubricant during 
the tribological process. Secondly, the dissociation scheme will attach with the surface adsorption then 
conducted the depolymerization. Last but not least, we propose that the oxide surface does not 
contribute directly to P-Ob dissociation but indirectly through partially immobilize the phosphate chain. 
In that way, the non-adsorbed units under harsh environment will get intense fluctuation and suffer the 
bridging bond decomposition. Besides the indirect P-Ob dissociation induction of the surface, it also has 
an inverse impact. As mentioned in previous section, the attacking of sodium or any cations on bridging 
oxygen will result in bridging bond dissociation. Iron oxide surface easily attracts flexible sodium atoms 
through the most top oxygen, which retards the approaching of sodium to the oxygen from phosphate 
chain then lessens the decomposition.73 It is noted from our static result that the barrier energy for bond 
dissociation reaction by iron oxide increases up to the value of H4P2O7 which is related to non-modifier 
metal phosphate system. The sodium attraction by oxide surface has been also observed in all FPMD 
simulations. The snapshots with sodium atoms can be reached at Fig. S3 to Fig. S5 in SM. Even though 
iron oxide substrate reduces the appearance of sodium, the introduction of iron into phosphate glass 
induces the depolymerization because the higher field strength and a larger coordination number of Fe 
compared to Na which help iron approach oxygen better, especially bridging oxygen atoms.74 Therefore, 
the diffusion of iron from oxide substrate into the phosphate layer plays an important role on reducing 
the chain length of phosphate structure.
According to P-O bridging bond dissociation energy, the chain length has a minor effect on the P-Ob 
decomposition. The static calculations of Na5P3O10 barrier energy showed a lower value of 0.5 eV than 
that of the shorter Na4P2O7 cluster. At 1100 K of FPMD run, Na5P3O10 cluster decomposed while the 
Na4P2O7 did not. This result compares well with the study by Cui et al.28, which found that the 
pyrophosphate lubricant slightly polymerized whilst polyphosphate experienced depolymerization. We 
suggest the steric effect has a contribution to the surface interaction of phosphate chain. Longer chain 
length Na5P3O10 cannot fully adsorb on the surface when thermal movement of other free atoms are 
more intense at 1100 K. As partial cluster anchored on the surface, the free atoms experienced large 
movement which can terminate the weakest bond – bridging P-O.
It is worth noting that our study has some limitations which make it not fully comparable to 
experimental study of hot rolling lubricant. The important effect of pressure and shear rate haven’t 
been included in the current study. Besides, the lubricant coverage should be higher to mimic the higher 
chain length and the behavior of lubricant at bulk stage. Finally, the interactions between iron oxide 
nanoparticles with condensed phosphate cluster should be considered. These shortcomings will be the 
foci in a subsequent work.
Conclusions
DFT calculations and FPMD simulations at 1100 K have been performed with the Na4P2O7 and Na5P3O10 
cluster on iron oxide surface. The BOP and ELF analyses as well as FPMD simulations provided detailed 
insights into the bond nature of the system, effect of surface and effect of chain length on 
depolymerization of phosphate-based lubricant. The conclusions have been summarized below:
 The system contains medium covalent P-O bond, pure ionic Na-O interaction and moderate Fe-
O ionic/covalent bond. The bridging P-Ob is the weakest bond which can be targeted for the 
depolymerization. The interactions of sodium or any modifier metal with bridging oxygens 
induces the P-Ob separation. Elevated temperature is also a trigger factor for this process.
 Iron oxide surface supports phosphate clusters and their dissociation products to achieve more 
stable configurations. We propose that the adsorption then depolymerization phosphate on the 
surface is the most thermodynamically favorable pathway. Deformed FeO4 tetrahedra observed 
in the phosphate-iron oxide linkage allows the mobility of phosphate but still maintains the 
strong adherence. Due to the equivalent ground states, structures of phosphate cluster and the 
decomposed products coexist in the theoretical system. Moreover, the authors suggest that the 
substrate not only promotes the P-Ob breakage through partially immobilizing phosphate chain 
but also obstructs the depolymerization due to the interaction between modifier alkali metal 
and surface oxygen.
 The monodentate complex structures have been observed in all phosphate clusters adsorption 
regardless to the chain length. The chain length of phosphate clusters has little effect on the P-O 
bridging dissociation. However, the small chain will be preferable when the surface gets full 
phosphate coverage and all linkages are monodentate.
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Figures
Fig. 1 Optimized structure of Na4P2O7 cluster with (a) average BOP of P-Ob and P-Onb bond; (b) ELF isosurface (yellow regions) at η = 0.62; ELF contours of (c) P-Ob-P slice, (d)
Ob-P-Onb slice. Red, purple and yellow spheres represent oxygen, phosphorus and sodium atoms, respectively.
Fig. 2 Optimized structure of Na5P3O10 cluster with (a) average BOP of P-Ob inner, P-Ob outer and P-Onb bond; (b) ELF isosurface (yellow regions) at η = 0.62; ELF contours of
(c) P1-Ob-P2 slice, (d) Onb-Na-Onb slice. Red, purple and yellow spheres represent oxygen, phosphorus and sodium atoms, respectively.
Fig. 3 Structure evolution of sodium atoms during P-O-P bridging bond dissociation: (a) Na4P2O7 cluster, (b) PO3 and PO4 units sharing two Na ions, (c, d) PO3 and PO4 units 
sharing one Na ion, (e) Na3PO3 and NaPO4 structures, (f) Na2PO3 and Na2PO4 structures, (g) NaPO3 and Na3PO4 structures. Red, purple and yellow spheres represent oxygen, 
phosphorus and sodium atoms, respectively. The energies are in eV.
Fig. 4 The bridging bond dissociation of (a) isolated Na4P2O7 cluster and its interactions with Fe2O3 (0001) surface, (b) isolated Na5P3O10 cluster and its interactions with 
Fe2O3 (0001) surface. Red, gold, purple and yellow spheres represent oxygen, iron, phosphorus and sodium atoms, respectively. The energies are in eV.
Fig. 5 Relative energies of P-O bond dissociation of isolated H4P2O7, Na4P2O7, and 
Na5P3O10 clusters.
Fig. 6 Electron localization function (ELF) isosurfaces (yellow regions) at η = 0.62 of (a) adsorbed Na4P2O7 cluster on Fe2O3 surface, (b) adsorbed Na5P3O10 cluster on Fe2O3
surface. Red, gold, purple and yellow spheres represent oxygen, iron, phosphorus and sodium atoms, respectively; ELF contour of (c) P-Ol-Fe slice (d) Ol-Fe-Os slice in
adsorbed Na5P3O10 cluster on Fe2O3 surface. The Fe2O3 surface is below the horizontal white lines.
Fig. 7 (a) Electron localization function (ELF) isosurfaces (yellow regions) at η =
0.62 of decomposed products of Na4P2O7 cluster on Fe2O3 surface. Red, gold,
purple and yellow spheres represent oxygen, iron, phosphorus and sodium atoms,
respectively; (b) ELF contour of Os-P-Ol plane in NaPO3 unit adsorbed on Fe2O3
surface. The Fe2O3 surface is below the horizontal white lines.
Fig. 8 Energy profile of P-O bridging dissociation of Na4P2O7 cluster on Fe2O3 (0001) 
surface.
Fig. 9 Energy profile of P-O bridging dissociation of Na5P3O10 cluster on Fe2O3 (0001) 
surface.
Fig. 10 Snapshots of FPMD at 1100 K of Na4P2O7 cluster on Fe2O3 surface at 0 ps (a), 0.35 ps (b), 0.5 ps (c), and 20 ps (d). Structures have been displayed in side view (upper) and top
view (lower). Red, gold, and purple spheres represent oxygen, iron, and phosphorus atoms, respectively. Sodium, surface oxygen and lower-layered iron atoms have been removed
for apparent visualization.
Fig. 11 Distances of P-O bridging bonds in the FPMD of Na4P2O7 cluster on Fe2O3
surface at 1100 K.
Fig. 13 Snapshots of FPMD at 1100 K of Na5P3O10 cluster on Fe2O3 surface at 0 ps (a), 0.35 ps (b), 0.5 ps (c), 3 ps (d), 7 ps (e), and 10 ps (f).
Structures have been displayed in side view (upper) and top view (lower). Red, gold, and purple spheres represent oxygen, iron, and
phosphorus atoms, respectively. Sodium, surface oxygen and lower-layered iron atoms have been removed for apparent visualization
Fig. 12 Distances of Fe-O linkage bonds in the FPMD of Na4P2O7 cluster on Fe2O3 surface at 1100 K.
Fig. 14 Distances of P-O bridging bonds in the FPMD of Na5P3O10 cluster on Fe2O3 surface at 1100 K.
Fig. 15 Distances of Fe-O linkage bonds in the FPMD of Na5P3O10 cluster on Fe2O3
surface at 1100 K.
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Fig. S1: Partial charges of nine top layers of Fe2O3 (0001) surface of (a) current work and (b) Ta et al.1
              
Fig. S2: Different relative position of Fe adsorption sites triangles for PO4 or PO3 units. The triangles can share one edge (left), be 
separate (middle) and share one vertex (right). Red, gold, purple and yellow spheres represent oxygen, iron, phosphorus and 
sodium atoms, respectively.
2
                  
Fig. S3: Snapshots of FPMD at 300K of Na4P2O7 cluster on Fe2O3 surface for 0 ps (a), 0.5 ps (b), 0.7 ps (c), and 10 ps (d). Structures 
have been displayed in side view (upper) and top view (lower). Red, gold, purple and yellow spheres represent oxygen, iron on 
top surface, phosphorus and sodium atoms, respectively. Surface oxygen and lower-layered iron atoms have been removed for 
apparent visualization.
Fig. S4: Snapshots of FPMD at 300K of Na5P3O10 cluster on Fe2O3 surface for 0 ps (a), 3.2 ps (b), 4.4 ps (c), and 10 ps (d). 
Structures have been displayed in side view (upper) and top view (lower). Red, gold, purple and yellow spheres represent 
oxygen, iron on top surface, phosphorus and sodium atoms, respectively. Surface oxygen and lower-layered iron atoms have 
been removed for apparent visualization.
3
Fig. S5: Snapshots of FPMD at 300K of PO3 and PO4 units on Fe2O3 surface for 0 ps (a), 0.2 ps (b), 2.1 ps (c), and 10 ps (d). 
Structures have been displayed in side view (upper) and top view (lower). Red, gold, purple and yellow spheres represent 
oxygen, iron on top surface, phosphorus and sodium atoms, respectively. Surface oxygen and lower-layered iron atoms have 
been removed for apparent visualization.
Fig. S6: Snapshots of FPMD at 1500K of Na4P2O7 cluster on Fe2O3 surface for 0 ps (a), 1 ps (b), 4.3 ps (c), and 7.4 ps (d). Structures 
have been displayed in side view (upper) and top view (lower). Red, gold, purple and yellow spheres represent oxygen, iron on 
top surface, phosphorus and sodium atoms, respectively. Surface oxygen and lower-layered iron atoms have been removed for 
apparent visualization.
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